Nutrient balances were calculated for the arable soils of 38 sub-Saharan African countries. FAO production fgures and forecasts for 35 crops for the period 1982-1984 and for 2000 were used to define land use systems, further characterized by fertility input through fertilizers, manure, rain and dust, biological N-fixation, and sedimentation, and fertility output through harvest of crops and removal of residues, leaching, denitrification, and erosion. The summarized output of the study is the sum of inputs minus the sum of outputs of nitrogen, phosphorus and potassium in the root zone. The alarming annual average nutrient loss for sub-Saharan Africa was 22 kg N, 2.5 kg P, and 15 kg K in 1982-84, and will be 26 kg N, 3 kg P, and 19 kg K in 2000. As the soil nutrient pool has to offset the negative balances each year, there is gross nutrient mining in sub-Saharan Africa. The need for integrated systems of nutrient management is emphasized, manipulating all inputs and outputs in a judicious way. Future scenarios of 'continued mining' and 'conservation of soil fertility' are discussed.
Introduction
The chemical fertility of any given virgin soil is determined by soil-forming factors such as (palaeo-)climate, parent material and vegetation. Changes take place very slowly and for soil under natural vegetation, there is a virtual steady state. As soon as land is altered by clearing natural forest or savanna vegetation, this steady state can no longer be maintained. Soil fertility declines at a rate dependent on cropping intensity and land management. Affected land will experience dwindling soil organic matter levels, leaching of nutrients, and erosion (Lal, 1989; Roose, 1986) .
The role of soil nutrient loss has not been linked very often to recent food shortages because, unlike droughts and locust invasions which materialize abruptly, soil fertility decline is a gradual process. Nonetheless, several studies have shown that it is often the supply of plant nutrients that dictates the productivity of land, even in the Sahel (Centre for World Food Studies, 1985; Penning de Vries and Djiteye, 1982) .
The Food and Agriculture Organization of the United Nations (FAO) estimated that in subSaharan Africa, the annual per capita growth rate for agricultural production between 1970 and 1985 was -1.3% (Alexandratos, 1988) . FAO further anticipates that this growth will be +0.1% per year between 1985 and 2000, assuming that food production keeps pace with an annual population growth of 3.3%. The production increase should partly be realized by applying more mineral fertilizers. Farmers in the region used 1 000 000 t in 1983, and are expected to use 2 800 000 t in 2000 (Alexandratos, 1988) . These figures, however, do not indicate whether that will be sufficient to keep the soil nutrient pool at a constant level. As a consequence, FAO called for comprehensive nutrient balance studies to gain a better insight into the present state and the short-term development of soil fertility.
This paper describes a method for calculating nutrient balances for the arable land of 38 subSaharan African countries, planted to 35 different crops (Stoorvogel and Smaling, 1990) . FAO production figures for the period 1982-1984 and forecasts for 2000 were used to define land use systems, characterized by fertility inputs (mineral fertilizers, manure, wet and dry deposition, biological N-fixation, and sedimentation), and fertility outputs (harvest of crops and removal of residues, leaching, denitrification, and erosion). The final result is a set of figures per country on the balances of the macronutrients nitrogen, phosphorus and potassium in the root zone in 1982-84 and 2000. Although deficiencies in secondary nutrients and micronutrients may also limit crop production, they have not been included in this study.
Materials and methods

Land~Water classes and land use systems
In sub-Saharan Africa, arable land was 201 000 000 ha in 1983, 54% of which was actually harvested. In 2000, arable land is estimated to total 234 000 000 ha, with a cropping intensity of 60% (Alexandratos, 1988) . To quantify nutrient balances, this area was classified into units of similar production potential. Three land/water classes (LWCs) were distinguished, viz. Rainfed, Naturally Flooded and Irrigated Land, for which the FAO data base provided yields and cultivated areas for 35 arable crops. Rainfed Land is further subdivided into Low Rainfall (LRA), Uncertain Rainfall (URA), Good Rainfall (GRA) and Problem Areas (PA), on basis of the length of the growing period. Subsequently, the soil map of Africa (FAO, 1977) was overlaid, and the soil orders were rated to label LWCs as having high, moderate or low inherent fertility (FAO, 1978) . On the basis of this classification, a further agro-economic stratification was made to arrive at land use systems (LUSs), characterized by cropping pattern, levels of fertilizer and manure application, management of crop residues and erosion control.
Modelling the nutrient balance
Inputs
Input from mineral fertilizers (IN 1) was given per country and per crop in the FAO data base and had to be calculated for each LWC. Where no data on actual fertilizer distribution were available, weighting factors were used to assess the partitioning of total fertilizer use. Farmers in areas with favourable rainfall (GRA, PA) were assumed to be more inclined to use fertilizers than those in semi-arid areas (URA and LRA). Groundnuts in Senegal, for example, received 3500 t N yr -1 in mineral fertilizer in 1983. This crop was grown in LRA (286000ha), URA (856 000 ha), GRA (51 000 ha) and PA (60 000 ha). At weighting factors of 0.2 (LRA), 0.3 (URA), and 1.0 (GRA and PA), IN 1 for groundnuts in URA is thus 2.4 kg N ha -1.
Animal manure (IN 2) enters the system after collection from stalled livestock and application prior to planting or, more often, through droppings of livestock feeding on crop residues after harvest. Data are then needed on the fraction of crop residues grazed (determined by land use system), the time animals spend in the field (fixed at 12 hours per day), and the fraction of nutrients retained in the animals (fixed at 10%).
Wet and dry deposition from the atmosphere (IN3) can be an important source of plant nutrients. In West Africa, measurements of deposition of dust from the annual dry season 'harmattan' storms provided point data (Cooke, 1982; Pieri, 1985; Poels, 1987) ; elsewhere, data on deposition were scarce, but could be calculated thanks to a linear correlation between IN 3 and the square root of average annual rainfall.
Biological nitrogen fixation (IN4) is mainly important in leguminous crops and wetland rice. It was assumed that 60% of the total nitrogen requirement of these crops is supplied through biological fixation. In addition, small contributions (2-5kg N ha -a) from non-symbiotic Nfixation were accounted for in all LWCs.
Input from sedimentation (IN 5) was fixed for Irrigated Land (10kg N, 1.5kg P and 4kg K ha -1 yr-1). For Naturally Flooded Land, IN5 was assumed to even equilibrate the entire nutrient balance.
Outputs
Export of nutrients in the harvested product (OUT 1) was derived from the yields in the FAO data base. For each LUS, these figures were multiplied by the nutrient contents in the harvested parts. This was complicated by plant species showing substantial variation in nutrient uptake efficiency (Cooke, 1982; Goodroad and Jellum, 1987; Kassam, 1976; Pieri, 1985; Sanchez, 1976) , which moreover depends on climate and soil properties and farmer's crop management.
Export of nutrients in crop residues (OUT 2) varies depending on residue management by the farmer, which differs greatly between and within the countries studied. The totals removed in a LUS were derived from the literature, and multiplied by the nutrient content of the crop residues. Where residues are grazed, part of the nutrients will return to the soil in manure (IN 2).
Only a limited number of systematic studies has been carried out on leaching of nitrogen and potassium (OUT3) in the tropics (Grimme and Juo, 1985) . Through multiple regression, leaching losses have been correlated with rainfall, inherent soil fertility, and application of fertilizer and manure.
Gaseous losses (OUT 4) only refer to nitrogen and may comprise denitrification and volatilization. As most soils in sub-Saharan Africa are acidic, thus preventing volatilization, only denitrification is considered. There are few reliable data on denitrification in tropical soils. Through multiple regression it has been linked to inherent soil fertility, and to fertilizer and manure applications.
Data on total soil loss by erosion are amply available for many countries, derived from runoff plot research or from discharge and sediment load measurements in catchment areas (Elwell, 1990; Roose, 1986; Stocking, 1984) . Inherent soil fertility was used to translate these data into nitrogen, phosphorus and potassium losses (OUT5), which were then multiplied by an 229 'enrichment' factor. As fine particles are dislodged first in the process of erosion, eroded soil is richer in nutrients than soil in situ (Gachene, 1987; Stocking, 1984) .
Fallow and multiple cropping
In the FAO data base, the total area of arable land in a LWC generally exceeds the area actually harvested. The difference is considered to be fallow land, which is treated as a separate LUS with a modest net nutrient import. The benefits from fallowing are the result of a shift in nutrient status from stable forms present in the soil to the plant-available labile pool, through weathering, mineralization, and uptake by fallow biomass, which is later slashed and burned. For some LWCs the FAO data base shows a cropping intensity exceeding 100%, indicating multiple cropping systems.
Nutrient balances
Senegal
Nutrient balances were calculated per crop for 1982-84 and 2000. Crop totals were first aggregated to LUS totals and subsequently to LWC totals. An illustration of the calculation procedure is given for the N balance for groundnuts in Senegal, LWC Uncertain Rainfall Area (Table  1) . Aggregated inputs and outputs of N, P and K for this LWC for 1982-84 and 2000, as well as the nutrient balances per ha are given in Table 2 . The last column shows that the calculated annual N loss is 14 kg ha -1 for 1982-84 and 20 for 2000.
Per country
Nutrient balances for LWCs were also aggregated per country (Table 3) . High rates of nutrient depletion (N more than 40 and K more than 25kg ha -1 yr 1) were calculated for the densely populated and erosion-prone countries in East and Southern Africa, in particular Ethiopia, Kenya, Malawi and Rwanda. Low or zero depletion rates (N less than 10 and K less than 8 kg ha -1 yr -1) were calculated for countries in strongly semi-arid environments, such as Botswana and Mali. For most countries, the pated higher production. Losses due to erosion (OUT 5) and denitrification (OUT4) were also conspicuous. On the input side, mineral fertilizers (IN 1) constitute the major contribution, but by no means do they offset the outputs. The calculated negative balance has to be compensated for by soil N that is mineralized from decomposing organic matter. The calculated average loss of phosphorus is 2.5 kg ha -1 yr -1 in 1982-84 and 3 in 2000 (Fig.  lb) . Removal of nutrients in crops (OUT 1) and erosion (OUT5) have the strongest negative impact on the balance. Inputs were few in 1982-84, but mineral fertilizers (IN 1) are expected to make a considerable contribution by 2000. In many (acid) tropical soils, applied P is susceptible to strong retention by amorphous Fe and A1 (hydr)oxides, rendering it less available to plants. As this phosphorus is retained in the root zone, it was not treated as an output. The calculated negative balance has to be compensated for by soil P that is mineralized from decomposing organic matter and from weathering P-containing soil minerals (apatite, variscite, strengite).
Sub-Saharan Africa
Calculated potassium loss (Fig. lc) averaged 15kg ha -~ yr -1 in 1982-84 and 19 in 2000, mainly as a result of export in crop residues, leaching and erosion (OUT2,3,5). The potassium content in crop residues far exceeds that in harvested products. If residues are left in the field, K losses can be reduced considerably. IN 1 is low because fertilizers containing potassium are applied sparsely by African farmers, as the element is, in general, less yield-limiting than N and P. The calculated negative balance has to be compensated for by K from weathering feldspars, micas and high-activity clay minerals.
Evaluation and validation
The main shortcomings of the calculation procedure were that (i) LUSs defined for 1982-84 were used again for 2000; (ii) the discrete subdivision of inherent soil fertility into classes 1 (low), 2 (moderate), and 3 (high) was rigid, and for each LWC, the same classes were used for 1982-84 and 2000; (iii) values of some input and output determinants varied largely in literature, for example crop nutrient contents, erosion rates, and enrichment factors.
Validation of the model was difficult because of the lack of independent data sets meeting all the input requirements. The few medium-term fertilizer trials in sub-Saharan Africa, however, showed trends which follow the calculated results. Table 4 shows that in Tanzania, unfertilized maize gave yields of up to 4 t ha -1 during the first four years of cultivation (Haule et al., 1989) . Over the next four years average yields were up to 40% lower. A similar deterioration was observed for organic matter content, exchangeable potassium and pH. Also in Kenya, unfertilized maize yields declined in years 5 to 8 as compared with years 1 to 4 (Qureshi, 1987) . Table 5 shows that maize that received either a crop residue mulch or animal manure or mineral fertilizer decreased, but less dramatically than in the Tanzanian situation. On receiving a combination of all three inputs, however, yields increased by 12%. In Southern Nigeria (rainfall 1250 mm yr -1) yields of continuous maize receiving mineral NPK fertilizer, decreased from 7 t ha -1 to approximately 3.5 t ha -1 in a period of 10 years following clearing of secondary forest (Juo and Kang, 1989) . Returning maize stover kept yields at high levels, with 8 t ha -1 in year 2 Table 4 . Unfertilized maize yields (kg ha-l), organic carbon (g kg-1), pH(H20 ), and exchangeable potassium (mg kg -1) in three and still a substantial 6t ha -~ in year 8. This brief review supports the outcome of the present study for Tanzania, Nigeria and Kenya, who experience increasingly severe nutrient depletion (Table 3) .
Conclusions
1 Sum of inputs minus sum of outputs of nutrients is strongly negative in erosion-prone and relatively fertile East and Southern Africa, and slightly negative in semi-arid countries, with less intensive land use, gentle slopes and poor soils, that have little to lose anyway. 2 Given the FAO production data and projections, net export of nutrients (notably N and K) in 2000 will be higher than in 1982-84. 3 Both at the present and projected yield levels, more nutrients are withdrawn from the soil than added. The deficit is made up by the mineral and organic nutrient reserves in the soil, and if not replenished adequately, these pools gradually shrink. As a consequence, crop production declines and one can thus doubt whether the FAO projections for 2000 are realistic, as soils are becoming poorer all over the continent. Increased production is apparently expected from expansion of cultivated area and improved cultivars. 4 To stop nutrient depletion and get the balance right, it does not suffice to just increase the use of mineral fertilizers. There is a need for integrated soil fertility management, where all inputs and outputs are manipulated in a judicious way.
Future scenarios
We will now discuss the implications of the conclusions, assuming two future scenarios, i.e. (i) continued mining of soil nutrients, with no changes in land use and cropping practices, and (ii) conservation of soil fertility, increasing inputs and reducing outputs simultaneously.
Continued soil nutrient mining
The unfavourable scenario is one of continued mining, with no improvement in land management between 1982-84 and 2000. The process of nutrient depletion continues (Conclusion 1), becoming more severe every year (Conclusion 2). Negative nutrient balances go at the expense of the nutrient store in the soil (Conclusion 3). Let us assume that a soil with 2000 kg N ha-1 has an annual depletion of 40 kg N ha -1, i.e. 2%. After 20 years, this soil will remain with only 0.982° x 2000 = 1335 kg N ha -1. As this soil has less and less nutrients to offer to crops, it is obvious that this has to go at the expense of crop yields, i.e. OUT 1.
Conservation of soil fertility
The favourable scenario assumes improved land management between 1982-84 and 2000 (Conclusion 4). This may be achieved by: -applying modest amounts of mineral fertilizer, complying with specific recommendations for combinations of crop and agro-ecological zone (IN 1 up) . This will improve both the nutrient use efficiency and the fertilizer recovery by crops and alleviate the need for countries to import and for farmers to buy large amounts of nitrogen fertilizers (Baligar and Bennett, 1986; Vlek, 1990) . Repeated application of high doses of acidifying fertilizers should be avoided (Schwab et al., 1990) . In this respect, calcium ammonium nitrate is less harmful than urea, which is still to be preferred to ammonium sulphate, whereas for phosphorus, superphosphates are less harmful than the popular compound diammonium phosphate. -efficient use of animal manure and household waste, both releasing nutrients, and providing additional benefits such as increased water storage and nutrient retention (IN 2 up). -introducing more nitrogen-fixing species in cropping systems (IN4 up). Green manures (for example Pueraria spp.), grain legumes (when single-cropped), and woody species can supply 40-100 kg N ha -~ to a subsequent crop (Dommergues and Ganry, 1986; Giller and Wilson, 1991; Greenland, 1985; Young, 1989) . Where sorghum yields of 3.4t ha -1 were recorded in pure stands, 5.0t ha 1 was harvested in rotation with soybean. For maize, these values were 5.5 and 7.6 t ha -~ respectively (Peterson and Varvel, 1989a,b) . -letting livestock graze crop residues in the field, leaving residues as mulch or ploughing them in (OUT2 down). For monocultures, there is a pest risk, because larvae stay dormant in the residues and attack the following crop.
-properly-timed or split application of mineral fertilizers, and appropriate tillage and soil conservation measures (OUT 3,4,5 down); terracing can stop erosion, but strip cropping, mulching, alley cropping, and multi-storey cropping are simpler and often effective techniques, fitting in existing farming systems; zero-grazing is promising in densely populated areas where land is scarce; contour-planted roughage is fed to stabled livestock. Grass, such as napier, grows vigorously and serves as a ground cover. With a combination of the above-mentioned measures, losses may be reduced considerably, and crop yields and thus OUT 1 may stay in line with FAO projections for 2000. More labour may be required for sustainable nutrient management, and farming systems research should elucidate what changes are desirable and feasible. Examples of sustainable systems have been reported for Latin America (Sanchez, 1976) , tropical Africa (Okigbo, 1990) , Cameroon (Nguu, 1987) , and Rwanda (Egger, 1990) , where the government has declared war on soil erosion. It offers hope that nutrient depletion in 2000 is below the values calculated in this study.
